The series ac capacitor has recently been used with the transformerless grid-connected converters in the distribution power grids. The capacitive characteristic of the resulting series LC filter restricts the use of conventional synchronous integral or stationary resonant current controllers. Thus this paper proposes a fourth-order resonant controller in the stationary frame, which guarantees a zero steady-state current tracking error for the grid converters with series LC filter. This method is then implemented in a three-phase experimental system for verification, where the current harmonics below the LC filter resonance frequency are effectively eliminated. Experimental results confirm the validity of the proposed current control scheme.
INTRODUCTION
Power electronic converters have increasingly been applied for grid integration of renewable power sources [1] , energy efficiency improvement of electric power loads [2] , and power quality enhancement in distribution power systems [3] . A lowfrequency transformer with the step-down or step-up functions is usually needed for these grid-connected converters, which increases the system volume and weight. The transformerless ac/dc power converter with a series-connected ac capacitor has recently been reported in hybrid active filters and dampers [4] - [7] , [11] , [12] , and in distributed generation systems [8] - [10] . Fig. 1 shows the general circuit diagrams of three-phase gridconnected voltage-and current-source converters with a seriesconnected ac capacitor C g . This coupling capacitor can also be used together with the high-order LC/LCL filters in the voltagesource converters.
The series coupling capacitor is used to withstand most of the grid voltage, and thus reduces the voltage stresses of power components and the rated power of the converter [4] . Therefore it provides an alternative configuration for the transformerless grid-connected converters. However, this series capacitor also brings a number of challenges. First, the capability of power transfer, especially the output active power, is more sensitive to the size of capacitor than the normal grid converters with the coupling inductor [8] . Second, there is a coupling between the dc-link voltage regulation and reactive power control, which (a) (b) Fig. 1 . Grid converters coupled with a series ac capacitor C g . (a) Voltagesource converter [5] - [9] . (b) Current-source converter [4] , [10] .
affects the power controllability of the converter [11] . Third, the capacitive filter characteristic at those frequencies lower than the series LC resonance frequency challenges the use of usual synchronous integral and stationary resonant controllers. Those controllers are generally developed for the inductive filter "plant". It is shown that the direct use of conventional harmonic resonant controllers for the rejection of (5 th and 7 th ) harmonic disturbances may destabilize the system.
To address these challenges, several research works have been reported. A quantitative analysis on the size of capacitor, dc-link voltage, and the transferred active power is given in [8] . Also, to mitigate the coupling between the dc-link voltage and reactive power control, the voltage in the middle of the series LC filter is controlled to operate the L-filtered converter as a voltage source. However, only a proportional current controller is employed to avoid the instability caused by the capacitive filter "plant". The resulting steady-state current tracking error has a little effect at the grid fundamental frequency, due to the use of Proportional-Integral (PI) controller for the outer dc-link and reactive power control. Yet the harmonic disturbance from the grid voltage, which may be lower than the filter resonance frequency, distorts the grid current injected by the converter. In [11] , a hysteresis current control scheme is employed, where an adaptive dc-link voltage control method is developed for the hybrid active filter to provide the dynamic reactive power compensation. The wide spectrum of current harmonics is however brought by the hysteresis modulation. This paper therefore proposes a current control method for grid converters coupled with a series capacitor. A fourth-order resonant controller in the stationary frame is introduced for the zero steady-state current tracking error with the capacitive filter "plant". Thus, besides the control of the fundamental frequency current, the low-order harmonic currents, which may be caused by the grid harmonic voltages, the core saturation of the filter inductor, and the dead-time of the converter, can be eliminated effectively. It thus enables hybrid active filters to selectively reject or absorb harmonic currents at both the low-and highfrequencies. To validate the effectiveness of the approach, a laboratory system comprising a three-phase grid-connected voltage-source converter coupled with a series capacitor is built and tested. Experimental results demonstrate the performance of harmonic current compensation of the proposed controller.
II. OPERATION PRINCIPLE
This section discusses the operation principle of a voltagesource converter coupled with a series capacitor to the power grid. The synthesis of the proposed current control scheme for a capacitive filter "plant" is illustrated. Fig. 2 shows the overall control diagram for a three-phase grid-connected voltage-source converter with an LC filter and a coupling capacitor at the Point of Connection (PoC). The PoC voltage V poc is measured for the grid synchronization by using a Phase-Locked Loop (PLL) in the synchronous reference frame [1] . The grid current that flows through the coupling capacitor is controlled in the stationary αβ-frame. Table I lists the main electrical parameters of the system. 
A. System Description
where it clearly shows that the "plant" has a phase shift of 90̊ below the resonance frequency of the filter, which indicates a capacitive characteristic at the fundamental frequency and the low-order (5 th and 7 th ) harmonic frequencies.
To avoid the influence of the coupling between the dc-link voltage and reactive power compensation, the following two operating scenarios are considered in this work:
1) Controlled dc-link voltage with reactive current:
The dc-link voltage is controlled by a PI controller, whose output is used as the reactive current command i * gq . The active current command i * gp is set to zero. In this case, the grid current cannot be controlled with zero steady-state error at the fundmental frequency, which will be discussed next. Hence, the proposed current controller is only applied to compensate the low-order 2) Constant dc-link voltage: The dc-link voltage is in this case kept as constant by an external dc power source. Hence, the reactive current command i * gq is merely used for dynamic reactive power compensation. The fundamental frequency grid current can then be controlled with zero steady-state error. Fig. 2 , including the controllers for the dc-link voltage and reactive power, as well as the proposed fourth-order resonant current controller at the fundamental and low-order harmonics frequencies. These controllers are explained in the following.
B. Control of DC-Link Voltage and Reactive Power
Unlike the normal grid-connected converters coupled with the inductor, the dc-link voltage control here is realized by the reactive current aligned to the orthogonal q-axis, rather than the active current along with the d-axis which the PoC voltage is aligned to. This is because the coupling capacitor is supposed to withstand most of the grid voltage, and the reactive current thus dominates the current injected into the grid [5]- [7] .
However, it is important to note that the active current still exists to keep the dc-link voltage constant. Thus, even though the active current command is set to zero, there is still an active component in the actual grid current. Hence, the current control schemes with zero steady-state tracking error cannot be used at the fundamental frequency.
A phasor orientation diagram at the fundamental frequency is illustrated in Fig. 5 , where V f is the voltage across the passive filter, V i is the converter output voltage. It is clear that V f can only be in the second or third quadrant in order to be sure that |V i | is lower than the grid voltage at PoC |V poc |. Further on, due to the 90̊ phase lead of grid current i L over the voltage V f , the allowed region of i L is thus limited to the third quadrant [12] .
On the other hand, with the dc-link voltage is kept constant, the reactive current command can be used to merely regulate the reactive power. By setting the active current command to zero, the reactive power is controlled by the proposed current controller with the zero steady-state error at the fundamental frequency. In this case, all the voltage phasors are in line with the V poc , and the current is aligned to the orthogonal axis.
C. Proposed Current Control
The predominantly capacitive characteristic of the "control plant", which can be represented by an equivalent capacitance C eq in the low-frequency range, is challenging the stability of using conventional synchronous integral or stationary resonant controller.
It is therefore necessary to re-shape the capacitive behavior by adding a second-order low-pass filter in series with the filter "plant", which is given in
where ω 1 is the grid fundamental frequency in rad/s. The term 'h' denotes the frequencies of interest (h = 1, 5, 7) in Fig. 3 . Y op (s) and Y rp (s) are the transfer functions of the original and the reshaped "plants". The reshaped "plant" is thus changed as a band-pass filter with the common gain of C eq at those frequencies. In other words, the re-shaped "plant" behaves like a resistor with the value of C eq , hence allowing the use of the usual second-order resonant controllers without being burdened by the stability and dynamic concerns. The resulting controller becomes a fourth-order controller, which is given as 
where G 2R (s) is the traditional second-order resonant controller, and G 4R (s) is the proposed fourth-order resonant controller.
III. FREQUENCY-DOMAIN ANALYSIS
To see the effectiveness of the proposed current controller, a simplified diagram of the grid current control loop is shown in Fig. 6 . G d (s) represents the time delay involved into the digital control system. Y o (s) is the disturbance transfer function from the PoC voltage to the grid current. Thus, the open-loop gain of the current control loop T(s) can be derived as: And the closed-loop output admittance Y oc (s) is given by Fig. 7 (a) that a stable grid current control is attained with the proposed controller. Moreover, from the closed-loop output admittance shown in Fig. 7 (b) , a good rejection against the 5 th and 7 th harmonic voltage disturbances can also be observed.
IV. SIMULATIONS AND EXPERIMENTAL RESULTS

A. Simulations Results
To verify the effectiveness of the proposed control method, simulations based on the switching model of the grid converter shown in Fig. 2 are carried out using SIMULINK and PLECS Blockset. The parameters of the current controller and circuit constants given in Tables I and II are adopted. The parameters of the PI controller for the control of dc-link voltage are k p_d = 0.8, k i_d = 10. The grid voltage V g is distorted with the -5 th harmonic (0.01 p.u.) and the 7 th harmonic (0.01 p.u.) voltages. Fig. 8 shows the simulated grid current, PoC voltage, and dc-link voltage for the first operating scenario, i.e. controlling the dc-link voltage by the reactive current. In this case, a 150 Ω dc load is switched on at the time constant of 1.0 s. A reduced dc-link voltage with the closed-loop regulation is realized. Fig. 9 shows the simulation results for the second operating scenario, i.e. the dc-link voltage is kept at 300 V by the dc voltage source. A step change of the reactive power reference from -600 Var to -1200 Var at 1.0 s is shown in Fig. 9 (a). Fig. 9 (b) shows a zoom-in view of the simulated PoC voltage and grid current at the steady-state, where the 90̊ phase shift between them can be observed. It implies the zero steadystate tracking error at the fundamental frequency is attained by using the proposed fourth-order resonant current controller. Fig. 10 shows the simulated grid current and PoC voltage when only using the proportional current controller. From the harmonic spectra shown in Fig. 10 (b) , it is seen that the grid current is severely distorted by the grid harmonic voltages. Hence, the current controller that guarantees zero steady-state error is important for compensating the current harmonics that are lower than the series LC filter resonance frequency. Fig. 11 presents the simulated waveforms when using the fourth-order resonant controllers at the harmonic frequencies. It is clear that the grid current quality is significantly improved. Moreover, comparing the harmonic spectra shown in Fig. 11 (b) and Fig. 10 (b) , an effective compensation of the harmonic currents by the proposed controller can be observed.
B. Experimental Results
To further verify the simulations results, a laboratory test system for the voltage-source converter shown in Fig. 2 is built with 2 µs dead-time in the power converter. Fig. 12 shows the hardware picture of the test setup, where the proposed control scheme is implemented into a dSPACE DS1006 system. The high-speed A/D sampling board DS2004 is used for sampling in synchronism with the digital Pulse Width Modulation (PWM) board DS5101. The parameters used in simulations are tested in experiments. The ac grid is emulated by the California Instruments MX-series AC power supply. However, instead of intentionally introducing the low-order harmonic voltages, the harmonic currents caused by the nonlinearity of dead-time are compensated in experiments. Fig. 13 shows the measured dc-link voltage regulation and grid current. It can be seen that the dc-link voltage is reduced to the reference value after enabling the converter from the diode operation mode. The stable control of the dc-link voltage by the reactive current is thus validated. Fig. 14 shows the measured grid current and its harmonic spectra when only using the proportional current controller. It is clear that the grid current is distorted by the 7 th harmonic. Next Fig. 15 shows the measured grid current with the secondorder resonant controllers, which are usually used for harmonic compensation. The harmonic distortion of the grid current becomes more severe, which indicates the instability of using the usual resonant current controllers for converters coupled by the ac capacitor. The measured grid current and its harmonic spectra after using the fourth-order resonant controller are then depicted in Fig. 16 . An effective compensation of the 7 th harmonic can be observed from the harmonic spectra, which confirms the validity of the proposed current control scheme.
V. CONCLUSIONS
This paper has presented a new current controller for grid converters coupled with series ac capacitor. Simulations and experimental results have demonstrated that the conventional resonant controllers cannot be applied for a capacitive "control plant". It is then necessary to re-shape the derivative filter by using the second-order transfer function, which together with the usual resonant controller, forms the proposed fourth-order resonant controller. It has been demonstrated that the proposed controller is important for the compensation of the low-order harmonics, which are below the resonance frequency of the output filter and the coupling capacitor. Experimental results obtained from a three-phase voltage-source converter verified the effectiveness of the proposed control scheme.
